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Clinical PerspectiveWhat Is New?This is the first, dedicated and large‐scale prospective cohort study to demonstrate that the VEGF‐D (vascular endothelial growth factor D) level is significantly associated with all‐cause mortality among patients with suspected or known coronary artery disease, in sharp contrast to the fact that the VEGF‐C level is inversely associated with all‐cause mortality in those patients.What Are the Clinical Implications?An elevated VEGF‐D level in sera from arterial catheter sheath at the beginning of elective coronary angiography independently predicts all‐cause mortality in patients with suspected or known coronary artery disease beyond the potential clinical confounders, NT‐proBNP (N‐terminal pro‐B‐type natriuretic peptide), cTnI (contemporary sensitive cardiac troponin‐I), hs‐CRP (high‐sensitivity C‐reactive protein), and VEGF‐C (vascular endothelial growth factor C).Further investigations are necessary to elucidate the mechanisms that regulate circulating VEGF‐D and VEGF‐C levels, and their effect on cardiovascular system.

 {#jah35013-sec-0008}

Nonstandard Abbreviations and AcronymsANOX Development of Novel Biomarkers Related to Angiogenesis or Oxidative Stress to Predict Cardiovascular EventsBMI body mass indexCAD coronary artery diseaseCKD chronic kidney diseaseCOPD chronic obstructive pulmonary diseasecTnI contemporary sensitive cardiac troponin‐ICV coefficients of variationeGFR estimated glomerular filtration rateEXCEED‐J Establishment of the Method to Extract a High Risk Population Employing Novel Biomarkers to Predict Cardiovascular Events in JapanHR hazard ratiohs‐CRP high‐sensitivity C‐reactive proteinIDI integrated discrimination improvementLAM lymphangioleiomyomatosisMACE major adverse cardiovascular eventsmTOR mechanistic/mammalian target of rapamycinNHO National Hospital OrganizationNRI net reclassification improvementNT‐proBNP N‐terminal pro‐B‐type natriuretic peptidePlGF placental growth factorPREHOSP‐CHF Development of Novel Biomarkers to Predict Rehospitalization in Chronic Heart FailureTSC tuberous sclerosis complexVEGF vascular endothelial growth factorVEGFR VEGF receptor

Introduction {#jah35013-sec-0009}
============

The VEGF (vascular endothelial growth factor) family and their endothelial tyrosine kinase receptors are central regulators of vasculogenesis, angiogenesis, and lymphangiogenesis.[1](#jah35013-bib-0001){ref-type="ref"} The VEGF family consists of five members in mammals: VEGF (or VEGF‐A), PIGF (placental growth factor), VEGF‐B, VEGF‐C, and VEGF‐D. Among them, VEGF‐C and VEGF‐D are secreted glycoproteins that exhibit structural homology, and both of them can promote lymphangiogenesis and angiogenesis by binding to their specific receptors, VEGF receptor (VEGFR)‐2 and VEGFR‐3.[2](#jah35013-bib-0002){ref-type="ref"}, [3](#jah35013-bib-0003){ref-type="ref"}, [4](#jah35013-bib-0004){ref-type="ref"}, [5](#jah35013-bib-0005){ref-type="ref"}, [6](#jah35013-bib-0006){ref-type="ref"} However, VEGF‐C and VEGF‐D have differential receptor binding, regulatory mechanisms,[7](#jah35013-bib-0007){ref-type="ref"} and expression patterns during development and in adult tissues in mice[8](#jah35013-bib-0008){ref-type="ref"}, [9](#jah35013-bib-0009){ref-type="ref"} as well as in human tumors.[10](#jah35013-bib-0010){ref-type="ref"}, [11](#jah35013-bib-0011){ref-type="ref"} During embryonic development, VEGF‐D appears to play a subtler role in regulating lymphatic vascular development than VEGF‐C, which is absolutely required for lymphangiogenesis.[12](#jah35013-bib-0012){ref-type="ref"}, [13](#jah35013-bib-0013){ref-type="ref"}, [14](#jah35013-bib-0014){ref-type="ref"}, [15](#jah35013-bib-0015){ref-type="ref"} Nevertheless, VEGF‐D can compensate for the loss of VEGF‐C for the sprouting of lymphatics,[16](#jah35013-bib-0016){ref-type="ref"} and it appears to have a higher angiogenic potential than VEGF‐C.[17](#jah35013-bib-0017){ref-type="ref"}, [18](#jah35013-bib-0018){ref-type="ref"}

Recent basic research suggests the importance of the lymphatic vasculature and VEGF‐C/VEGF‐D signaling as therapeutic targets in cardiovascular diseases.[8](#jah35013-bib-0008){ref-type="ref"}, [19](#jah35013-bib-0019){ref-type="ref"}, [20](#jah35013-bib-0020){ref-type="ref"} Lymphatic vessels play an important role in reverse cholesterol transport, a pathway responsible for cholesterol mobilization from peripheral tissues to the liver for excretion, lipoprotein metabolism, and atherosclerotic plaque formation.[21](#jah35013-bib-0021){ref-type="ref"}, [22](#jah35013-bib-0022){ref-type="ref"}, [23](#jah35013-bib-0023){ref-type="ref"} VEGF‐D is an important modifier of lipoprotein metabolism, and it is essential for the metabolism and hepatic uptake of chylomicrons.[24](#jah35013-bib-0024){ref-type="ref"} Treatment with VEGF‐C after myocardial infarction induces lymphangiogenesis, reduces fluid retention, facilitates inflammatory cell clearance in the cardiac tissue, and improves cardiac function.[25](#jah35013-bib-0025){ref-type="ref"}, [26](#jah35013-bib-0026){ref-type="ref"} Adenoviral administered VEGF‐D induces angiogenesis in pig myocardium,[27](#jah35013-bib-0027){ref-type="ref"} and mature VEGF‐D is being tested for treating refractory angina in humans.[28](#jah35013-bib-0028){ref-type="ref"}

Recent observational studies have suggested that circulating levels of VEGF‐D are associated with the incidence of heart failure, atrial fibrillation, and ischemic stroke.[29](#jah35013-bib-0029){ref-type="ref"}, [30](#jah35013-bib-0030){ref-type="ref"} Although the origin of circulating VEGF‐D levels is unclear, an elevated VEGF‐D level may represent an adaptation to the demands of the lymphatic system to remove excess fluid from the extravascular space of the lungs and peripheral tissues.[29](#jah35013-bib-0029){ref-type="ref"}

We reported that the serum level of VEGF‐C is significantly associated with dyslipidemia, a causative risk factor as well as a therapeutic target of cardiovascular disease.[31](#jah35013-bib-0031){ref-type="ref"} We also demonstrated that the serum level of VEGF‐C is inversely and independently associated with all‐cause mortality in patients with suspected or known coronary artery disease (CAD); there seems to be a non‐linear threshold of VEGF‐C levels at around the 25th percentile for the risk of mortality, suggesting a phenomenon in which a subset of patients are relatively "VEGF‐C deficient," and that VEGF‐C and the lymphatic system have critical roles in the maintenance of homeostasis.[32](#jah35013-bib-0032){ref-type="ref"} VEGF‐D may have distinct relationships with mortality and cardiovascular events in those patients.

We thus investigated the prognostic and predictive value of VEGF‐D in a large‐scale, multicenter prospective cohort study of patients with suspected or known CAD undergoing elective coronary angiography.

Methods {#jah35013-sec-0010}
=======

Study Population {#jah35013-sec-0011}
----------------

The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. The present study was a subanalysis of the ANOX (Development of Novel Biomarkers Related to Angiogenesis or Oxidative Stress to Predict Cardiovascular Events) study. The main analysis results of the ANOX study have been described.[32](#jah35013-bib-0032){ref-type="ref"} In brief, patients with suspected or known CAD (1624 men and 794 women; mean age, 70.6 years old) undergoing elective coronary angiography were recruited to determine the predictive value of possible novel biomarkers for mortality and major adverse cardiovascular events (MACE) (see details of the entire cohort of the ANOX study in Table [1](#jah35013-tbl-0001){ref-type="table"} and [Table S1](#jah35013-sup-0001){ref-type="supplementary-material"} in the report by Wada et al)[32](#jah35013-bib-0032){ref-type="ref"} The ANOX study group consists of 15 National Hospital Organization (NHO) institutions across Japan, and the present study was conducted by nationally certified cardiologists.

###### 

Baseline Characteristics and Incidence of Events According to the Quartiles of VEGF‐D

  Baseline Characteristics and Incidence of Events                     Quartile 1 (N=607)   Quartile 2 (N=606)   Quartile 3 (N=604)   Quartile 4 (N=601)   *P* Value[a](#jah35013-note-0005){ref-type="fn"}
  -------------------------------------------------------------------- -------------------- -------------------- -------------------- -------------------- --------------------------------------------------
  Baseline characteristics                                                                                                                                 
  Age, mean (SD), y                                                    68.5 (10.9)          70.3 (10.4)          71.6 (10.3)          72.0 (9.8)           \<0.001
  Male                                                                 390 (64.3)           415 (68.5)           413 (68.4)           406 (67.6)           0.354
  Body mass index, mean (SD)                                           25.0 (3.9)           24.1 (3.9)           24.1 (3.7)           23.7 (3.9)           \<0.001
  Obesity[b](#jah35013-note-0006){ref-type="fn"}                       290 (47.8)           225 (37.1)           227 (37.6)           194 (32.3)           \<0.001
  Hypertension                                                         439 (72.3)           451 (74.4)           463 (76.7)           490 (81.5)           0.001
  Dyslipidemia                                                         376 (61.9)           380 (62.7)           366 (60.6)           344 (57.2)           0.219
  Diabetes mellitus                                                    213 (35.1)           277 (45.7)           274 (45.4)           323 (53.7)           \<0.001
  Current smoking                                                      94 (15.5)            103 (17.0)           106 (17.6)           125 (20.8)           0.101
  eGFR, mean (SD), mL/min per 1.73 m^2^                                70 (18)              68 (20)              63 (21)              52 (26)              \<0.001
  Chronic kidney disease[c](#jah35013-note-0007){ref-type="fn"}        166 (27.4)           202 (33.3)           269 (44.5)           362 (60.2)           \<0.001
  Gensini score, median (IQR)[d](#jah35013-note-0008){ref-type="fn"}   11.0 (2.0--31.5)     10.5 (2.5--31.0)     12.8 (2.0--37.0)     14.0 (3.3--46.8)     0.011
  Obstructive coronary artery disease                                  334 (55.0)           340 (56.1)           353 (58.4)           365 (60.7)           0.188
  Previous myocardial infarction                                       85 (14.0)            82 (13.5)            94 (15.6)            93 (15.5)            0.673
  Previous stroke                                                      76 (12.5)            84 (13.9)            102 (16.9)           91 (15.1)            0.168
  Previous heart failure hospitalization                               28 (4.6)             42 (6.9)             56 (9.3)             127 (21.1)           \<0.001
  Atrial fibrillation                                                  30 (4.9)             48 (7.9)             81 (13.4)            102 (17.0)           \<0.001
  Malignancies                                                         48 (7.9)             58 (9.6)             70 (11.6)            50 (8.3)             0.119
  Anemia[e](#jah35013-note-0009){ref-type="fn"}                        136 (22.4)           172 (28.4)           249 (41.2)           325 (54.1)           \<0.001
  Antihypertensive drug use                                            482 (79.4)           475 (78.4)           497 (82.3)           513 (85.4)           0.008
  Statin use                                                           341 (56.2)           321 (53.0)           284 (47.0)           276 (45.9)           0.001
  Aspirin use                                                          363 (59.8)           347 (57.3)           328 (54.3)           302 (50.3)           0.006
  NT‐proBNP, median (IQR), pg/mL                                       91 (45 to 215)       140 (62 to 393)      248 (100 to 787)     746 (183 to 2282)    \<0.001
  cTnI, median (IQR), pg/mL                                            0.0 (0.0 to 4.0)     0.0 (0.0 to 5.0)     0.0 (0.0 to 11.0)    6.0 (0.0 to 31.0)    \<0.001
  hs‐CRP, median (IQR), mg/L                                           0.9 (0.4 to 3.1)     0.8 (0.3 to 2.5)     1.0 (0.3 to 3.4)     1.1 (0.3 to 3.5)     0.037
  VEGF‐C, mean (SD), pg/mL                                             3890 (1455)          3754 (1518)          3478 (1456)          3224 (1389)          \<0.001
  VEGF‐D, median (IQR), pg/mL                                          142 (98 to 168)      250 (220 to 277)     389 (347 to 441)     730 (596 to 988)     \<0.001
  Incidence of events, no. (/1000 person‐years)                                                                                                            
  All‐cause death                                                      39 (22.1)            45 (25.6)            60 (34.9)            110 (67.5)           ...
  Cardiovascular death                                                 11 (6.2)             14 (8.0)             17 (9.9)             46 (28.2)            ...
  Myocardial infarction                                                4 (2.3)              6 (3.4)              7 (4.1)              4 (2.5)              ...
  Stroke                                                               15 (8.6)             17 (9.8)             16 (9.4)             21 (13.0)            ...
  First MACE[f](#jah35013-note-0010){ref-type="fn"}                    28 (16.1)            35 (20.3)            38 (22.4)            64 (39.9)            ...

Values are expressed as number (percentage) unless otherwise indicated. The quartiles of VEGF‐D levels were as follows: quartile 1, ≤194.7; quartile 2, 194.8 to 303.3; quartile 3, 303.4 to 500; quartile 4, \>500 pg/mL. cTnI indicates contemporary sensitive cardiac troponin I; eGFR, estimated glomerular filtration rate; hs‐CRP, high‐sensitivity C‐reactive protein; IQR, interquartile range; MACE, major adverse cardiovascular events; NT‐proBNP, N‐terminal pro‐B‐type natriuretic peptide; VEGF‐C, vascular endothelial growth factor C; and VEGF‐D, vascular endothelial growth factor D.

The *P* value represents a comparison of the differences among VEGF‐D quartiles by Kruskal‐Wallis and χ^2^ tests.

Obesity is defined as the body mass index of 25 or more.

Chronic kidney disease is defined as an estimated glomerular filtration rate of less than 60 mL/min per 1.73 m^2^.

The Gensini score represents the angiographic severity of coronary artery disease employing a nonlinear points system for degree of luminal narrowing.

Anemia is defined as a hemoglobin level of less than 13 g/dL in men and less than 12 g/dL in women.

The MACE is defined as a composite of cardiovascular death, nonfatal myocardial infarction, and nonfatal stroke.
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Between January 2010 and November 2013, a total of 2513 patients were consecutively enrolled. After the exclusion of 26 patients who did not provide blood samples and 69 patients who withdrew consent, a total of 2418 patients were eligible. Data on the patients' demographic characteristics, smoking status, medical history, and medication use were collected from medical records. The presence of obstructive CAD was assessed using a modified American Heart Association/American College of Cardiology classification.[33](#jah35013-bib-0033){ref-type="ref"} The severity of CAD was quantified using the Gensini score.[34](#jah35013-bib-0034){ref-type="ref"} The submitted data were examined for completeness and accuracy by the coordinating center (Clinical Research Institute, Kyoto Medical Center, Kyoto, Japan), and data queries were sent to the study sites. The study was approved by the central ethics committee of the NHO headquarters and each institution\'s ethical committee. All of the patients provided written informed consent to participate in the study.

Outcomes and Follow‐Up {#jah35013-sec-0012}
----------------------

The primary outcome was all‐cause death. The secondary outcomes were cardiovascular death and MACE defined as a composite of cardiovascular death, nonfatal myocardial infarction, and nonfatal stroke. The patients were monitored over 3 years (1080 days) for the occurrence of all‐cause death, cardiovascular death, and/or MACE. The follow‐up was performed by personnel blinded to the biomarker data through medical record/chart reviews, a survey letter, and/or telephone interviews.

Sudden death resulting from an unknown but presumed cardiovascular cause in high‐risk patients was included in cardiovascular death. All deaths and MACE were recorded in the official medical chart of the hospitals where the patients received care. The reported deaths, myocardial infarctions, and strokes were reviewed and adjudicated by the expert committee (three independent and blinded cardiologists). The follow‐up continued even after nonfatal myocardial infarction and/or nonfatal stroke had occurred. At the end of the follow‐up (day 1080), the survival status and detailed information about MACE were available in 2400 patients (99.3%), and 18 patients (0.7%) were lost to follow‐up.

Exposures, Sample Collection, and Biomarker Measurement {#jah35013-sec-0013}
-------------------------------------------------------

The predictor of this subanalysis was the patients' serum levels of VEGF‐D. Fasting blood samples for serum were collected from the arterial catheter sheath at the beginning of each patient\'s coronary angiography before a heparinized saline flush. The serum was stored at −80°C for a mean of 4 years until it was assayed for VEGF‐D after one freeze‐thaw cycle. The serum VEGF‐D level was measured with a specific, commercially available, ELISA kit according to the manufacturer\'s instructions (Quantikine, R&D Systems, Minneapolis, MN). The sensitivity of the assay for VEGF‐D was 11.4 pg/mL. The inter‐/intra‐assay coefficients of variation (CV) of the ELISA for VEGF‐D were ≤8%/\<7%. There is no significant cross‐reactivity or interference between the VEGF‐D ELISA and human VEGF‐C up to 50 ng/mL. The assays were performed by an investigator blinded to the sources of the samples.

The details of the assays for VEGF‐C, NT‐proBNP (N‐terminal pro‐B‐type natriuretic peptide), cTnl (contemporary sensitive cardiac troponin‐I), and hs‐CRP (high‐sensitivity C‐reactive protein) are described elsewhere.[32](#jah35013-bib-0032){ref-type="ref"} Briefly, the serum levels of VEGF‐C and hs‐CRP were measured with specific, commercially available ELISA kits according to the manufacturers' instructions (for VEGF‐C: Quantikine, R&D Systems, Minneapolis, MN; for hs‐CRP: CycLex, MBL, Nagano, Japan). The inter‐/intra‐assay CV of ELISA for VEGF‐C and hs‐CRP were \<9%/\<7% and \<6%/\<4%, respectively. The serum levels of NT‐proBNP were measured using a validated, sandwich electrochemiluminescence immunoassay (Elecsys; Roche Diagnostics, Indianapolis, IN). Serum cTnI was measured with the ADVIA Centaur Troponin I Ultra assay (Siemens Healthcare Diagnostics, Los Angeles, CA). The sensitivities of the assays for VEGF‐C and hs‐CRP were 4.6 and 28.6 pg/mL, respectively. The sensitivity of the assay for NT‐proBNP was 5 pg/mL, and the assay CV at values of the measuring range (5--35 000 pg/mL) was \<10%. The sensitivity of the assay for cTnI was 6 pg/mL, and the assay CV at the 99th percentile reference value of 40 pg/mL (potential range, 20--60 pg/mL) was \<10%.

Statistical Analysis {#jah35013-sec-0014}
--------------------

We divided the patients into quartiles according to their baseline VEGF‐D levels. The VEGF‐D values for each quartile can be found in the footnote of Table [1](#jah35013-tbl-0001){ref-type="table"}. These data were compared among the quartiles of VEGF‐D for differences using the Kruskal‐Wallis and χ^2^ tests. The relationships between either VEGF‐D or VEGF‐C and other variables were assessed in simple and stepwise multiple linear regression analyses. Stepwise variable selection was performed in a forward direction with the Bayesian information criterion. Because VEGF‐D, the Gensini score, NT‐proBNP, cTnI, and hsCRP were normally distributed after logarithmic transformation, the logarithms of these parameters were used in the linear regression analyses. The relationships between the baseline VEGF‐D level and the outcomes were investigated with the use of Cox proportional hazard regression in four sets of models: models adjusted for traditional risk factors (age, sex, body mass index \[BMI\], hypertension, dyslipidemia, diabetes mellitus, and current smoking); models adjusted for possible clinical confounders (traditional risk factors and other possible clinical confounders of estimated glomerular filtration rate \[eGFR\], the Gensini score, previous myocardial infarction, previous stroke, previous heart failure hospitalization, malignancies, anemia \[defined as a hemoglobin level below 13 g/L in men and 12 g/L in women\], antihypertensive drug use, statin use, and aspirin use); models adjusted for possible clinical confounders and established cardiovascular biomarkers (NT‐proBNP, cTnI, and hs‐CRP for 1‐SD increase); and models adjusted for possible clinical confounders, established cardiovascular biomarkers, and VEGF‐C (for 1‐SD increase).

We evaluated the incremental predictive performance of biomarkers by calculating changes in the C‐statistic, continuous net reclassification improvement (NRI), and integrated discrimination improvement (IDI) metrics.[35](#jah35013-bib-0035){ref-type="ref"} We assessed the model calibration by comparing predicted probabilities with observed probabilities. A residual analysis was used to assess model fit.

We also performed stratified analyses to examine the association between the serum VEGF‐D level and the risk of all‐cause death. All statistical tests were two sided, and *P*\<0.05 were considered significant. Because all analyses were considered exploratory, the *P* values were not adjusted for multiple comparisons. The analyses were performed using SPSS ver. 23.0 (IBM Japan, Tokyo), JMP13 (SAS, Cary, NC), and R, ver. 3.5.2 (R Foundation for Statistical Computing, Vienna, Austria). Additional details are described elsewhere.[32](#jah35013-bib-0032){ref-type="ref"}

Results {#jah35013-sec-0015}
=======

Baseline Characteristics {#jah35013-sec-0016}
------------------------

The median level of VEGF‐D was 303.3 pg/mL (interquartile range, 194.7 to 500 pg/mL) for all the patients. The distribution of VEGF‐D levels in the entire patient cohort is shown in [Figure S1](#jah35013-sup-0001){ref-type="supplementary-material"}. The baseline characteristics of the patients divided into the quartiles of VEGF‐D levels are shown in Table [1](#jah35013-tbl-0001){ref-type="table"} and [Table S1](#jah35013-sup-0001){ref-type="supplementary-material"}. The higher quartiles of VEGF‐D were significantly associated with older age, lower BMI, lower rate of obesity, higher rates of hypertension and diabetes mellitus, lower eGFR, higher rates of chronic kidney disease (CKD), previous heart failure hospitalization, atrial fibrillation, and anemia and lower rates of statin use and aspirin use. In addition, higher quartiles of VEGF‐D were significantly associated with higher levels of NT‐proBNP and cTnI but not with higher levels of hs‐CRP. Interestingly, the quartiles of VEGF‐D were significantly and inversely associated with the VEGF‐C level (β, −227; standard error of the mean, 26; *P*\<0.001). Moreover, the gap between VEGF‐D and VEGF‐C levels becomes more narrow with increasing quartiles of VEGF‐D, whereas the sum of VEGF‐D and VEGF‐C is similar across the quartiles of VEGF‐D ([Table S1](#jah35013-sup-0001){ref-type="supplementary-material"}). These findings might suggest that VEGF‐D is upregulated to make up for the loss of VEGF‐C. The scatterplot between VEGF‐D and VEGF‐C in the entire patient cohort is shown in [Figure S2](#jah35013-sup-0001){ref-type="supplementary-material"}.

The correlations of VEGF‐D or VEGF‐C (as continuous variables) with other variables are shown in [Tables S2 and S3](#jah35013-sup-0001){ref-type="supplementary-material"}. Stepwise regression analyses revealed that independent determinants of VEGF‐D were dyslipidemia, diabetes mellitus, current smoking, eGFR, anemia, statin use, NT‐proBNP, and hs‐CRP, whereas those of VEGF‐C were age, male sex, eGFR, anemia, NT‐proBNP, and hs‐CRP.

Incidence of Outcomes {#jah35013-sec-0017}
---------------------

As described in the ANOX study,[32](#jah35013-bib-0032){ref-type="ref"} 254 patients died from any cause (88 cardiovascular and 166 noncardiovascular deaths), and 165 developed first MACE (21 myocardial infarction, 69 stroke, and 75 cardiovascular deaths) during the 3‐year follow‐up. Figure [1](#jah35013-fig-0001){ref-type="fig"} shows the cumulative incidence of all‐cause death, cardiovascular death, and MACE according to the quartiles of VEGF‐D levels. The highest quartile of VEGF‐D had the greatest risks of all‐cause death, cardiovascular death, and MACE. Notably, there seems to be a step‐by‐step increase in the risk of all‐cause death according to the quartiles of VEGF‐D. The incidence of outcomes according to the quartiles of VEGF‐D levels is summarized in Table [1](#jah35013-tbl-0001){ref-type="table"}. [Figure S3](#jah35013-sup-0001){ref-type="supplementary-material"} shows the cumulative incidence of all‐cause death, cardiovascular death, and MACE according to the quartiles of VEGF‐D levels in patients in the lowest quartile of VEGF‐C (≤ 25th percentile) and those in the three higher quartiles of VEGF‐C (\>25th percentile). Importantly, even in patients with the lowest VEGF‐C level (≤ 25th percentile), the highest quartile of VEGF‐D seemed to confer the greatest risks of all‐cause death, cardiovascular death, and MACE.

![Cumulative incidence of all‐cause death (**A**), cardiovascular death (**B**), and major adverse cardiovascular events (**C**) according to the serum VEGF‐D level at baseline.\
Follow‐up results are truncated after 3 years. MACE indicates major adverse cardiovascular events; and VEGF‐D, vascular endothelial growth factor D.](JAH3-9-e015761-g001){#jah35013-fig-0001}

Multivariate Cox Regression Analyses {#jah35013-sec-0018}
------------------------------------

After adjustment for traditional risk factors (ie, age, sex, BMI, hypertension, dyslipidemia, diabetes mellitus, and current smoking), the VEGF‐D level was significantly associated with all‐cause death, cardiovascular death, and MACE (model 1, Figure [2](#jah35013-fig-0002){ref-type="fig"}). After the additional adjustment for other possible clinical confounders (ie, eGFR, the Gensini score, previous myocardial infarction, previous stroke, previous heart failure hospitalization, malignancies, anemia, antihypertensive drug use, statin use, and aspirin use), the VEGF‐D level was significantly associated with all‐cause death, cardiovascular death, and MACE (model 2, Figure [2](#jah35013-fig-0002){ref-type="fig"}). Even after additional adjustment for established cardiovascular biomarkers (NT‐proBNP, cTnI, and hs‐CRP), the VEGF‐D level was significantly associated with all‐cause death and cardiovascular death, but not with MACE (model 3, Figure [2](#jah35013-fig-0002){ref-type="fig"}). Importantly, after additional adjustment for VEGF‐C, the VEGF‐D level was still significantly associated with all‐cause death and cardiovascular death but not with MACE (model 4, Figure [2](#jah35013-fig-0002){ref-type="fig"}).

![Hazard ratios for all‐cause death, cardiovascular death, and major adverse cardiovascular events according to VEGF‐D levels.\
Values are for 1‐standard deviation increase. The data were adjusted for the following variables: model‐1, age, sex, body mass index, hypertension, dyslipidemia, diabetes mellitus, and current smoker; model‐2, model‐1 plus eGFR, the Gensini score, previous myocardial infarction, previous stroke, previous heart failure hospitalization, malignancies, anemia, antihypertensive drug use, statin use, and aspirin use; model‐3, model‐2 plus NT‐proBNP, cTnI, and hs‐CRP; model‐4, model‐3 plus VEGF‐C. The biomarkers were modeled as continuous variables. cTnl indicates contemporary sensitive cardiac troponin‐I; eGFR, estimated glomerular filtration rate; HR, hazard ratio; hs‐CRP, high‐sensitivity C‐reactive protein; MACE, major adverse cardiovascular events; NT‐proBNP, N‐terminal‐pro‐B‐type natriuretic peptide; and VEGF‐D, vascular endothelial growth factor D.](JAH3-9-e015761-g002){#jah35013-fig-0002}

Even in the 1717 patients with no history of CAD (ie, those with suspected CAD), the VEGF‐D level was significantly associated with all‐cause death (n=161, hazard ratio \[HR\] 1.20, 95% CI, 1.08--1.34), and cardiovascular death (n=50, HR 1.21, 95% CI, 1.03--1.41) but not with MACE (n=104, HR 1.15, 95% CI, 0.999--1.32) after adjusting for possible clinical confounders. On the other hand, in the 711 patients with a history of (ie, known) CAD, the VEGF‐D level was also significantly associated with all‐cause death (n=93, HR 1.26, 95% CI, 1.07--1.50), and cardiovascular death (n=38, HR 1.38, 95% CI, 1.003--1.91) but not with MACE (n=61, HR 1.19, 95% CI, 0.91--1.55) after adjustment for possible clinical confounders.

Discrimination, Reclassification, and Calibration {#jah35013-sec-0019}
-------------------------------------------------

The C‐statistics of the model with possible clinical confounders (base model) were 0.789 for all‐cause death, 0.817 for cardiovascular death, and 0.733 for MACE (Table [2](#jah35013-tbl-0002){ref-type="table"}). The C‐statistics of single biomarkers are also shown in Table [2](#jah35013-tbl-0002){ref-type="table"}. The combination of established cardiovascular biomarkers (NT‐proBNP, cTnI, and hs‐CRP) significantly improved the prediction of all‐cause death but not that of cardiovascular death or MACE (Table [2](#jah35013-tbl-0002){ref-type="table"}). Notably, the addition of the VEGF‐D to the model with possible clinical confounders and established cardiovascular biomarkers significantly improved the prediction of all‐cause death (*P*=0.02 for NRI, *P*=0.02 for IDI) but not that of cardiovascular death (*P*=0.07 for NRI, *P*=0.21 for IDI) or MACE (*P*=0.47 for NRI, *P*=0.13 for IDI) (Table [2](#jah35013-tbl-0002){ref-type="table"}). Moreover, the addition of both VEGF‐D and VEGF‐C to the model with possible clinical confounders and established cardiovascular biomarkers further improved the prediction of all‐cause death (*P*\<0.001 for NRI, *P*=0.004 for IDI) but not that of cardiovascular death or MACE. Calibration of the models in Table [2](#jah35013-tbl-0002){ref-type="table"} showed no evidence of lack of fit.

###### 

Model Performance Measures for All‐Cause Death, Cardiovascular Death, and Major Adverse Cardiovascular Events

  Risk Factors and Biomarkers                                                             C Statistics   ∆C Statistics   Continuous NRI, 95% CI    *P* Value   IDI, 95% CI                 *P* Value
  --------------------------------------------------------------------------------------- -------------- --------------- ------------------------- ----------- --------------------------- -----------
  All‐cause death                                                                                                                                                                          
  Base model[a](#jah35013-note-0012){ref-type="fn"}                                       0.789          ...             ...                                   ...                         
  NT‐proBNP                                                                               0.722          ...             ...                                   ...                         
  cTnI                                                                                    0.656          ...             ...                                   ...                         
  hs‐CRP                                                                                  0.641          ...             ...                                   ...                         
  VEGF‐C                                                                                  0.656          ...             ...                                   ...                         
  VEGF‐D                                                                                  0.641          ...             ...                                   ...                         
  Base model+NT‐proBNP+cTnI+hs‐CRP[b](#jah35013-note-0013){ref-type="fn"}                 0.803          0.015           0.385 (0.256 to 0.575)    \<0.001     0.017 (0.006 to 0.028)      0.003
  Base model+NT‐proBNP+cTnI+hs‐CRP+VEGF‐C[c](#jah35013-note-0014){ref-type="fn"}          0.806          0.003           0.176 (0.047 to 0.305)    0.01        0.003 (0.0003 to 0.006)     0.08
  Base model+NT‐proBNP+cTnI+hs‐CRP+VEGF‐D[c](#jah35013-note-0014){ref-type="fn"}          0.807          0.004           0.161 (0.032 to 0.290)    0.02        0.008 (0.002 to 0.014)      0.02
  Base model+NT‐proBNP+cTnI+hs‐CRP+VEGF‐C+VEGF‐D[c](#jah35013-note-0014){ref-type="fn"}   0.809          0.006           0.287 (0.158 to 0.416)    \<0.001     0.013 (0.003 to 0.017)      0.004
  Cardiovascular death                                                                                                                                                                     
  Base model[a](#jah35013-note-0012){ref-type="fn"}                                       0.817          ...             ...                                   ...                         
  NT‐proBNP                                                                               0.788          ...             ...                                   ...                         
  cTnI                                                                                    0.715          ...             ...                                   ...                         
  hs‐CRP                                                                                  0.589          ...             ...                                   ...                         
  VEGF‐C                                                                                  0.653          ...             ...                                   ...                         
  VEGF‐D                                                                                  0.676          ...             ...                                   ...                         
  Base model+NT‐proBNP+cTnI+hs‐CRP[b](#jah35013-note-0013){ref-type="fn"}                 0.823          0.007           0.039 (−0.174 to 0.251)   0.72        0.008 (−0.006 to 0.022)     0.25
  Base model+NT‐proBNP+cTnI+hs‐CRP+VEGF‐C[c](#jah35013-note-0014){ref-type="fn"}          0.823          −0.001          0.239 (0.031 to 0.448)    0.02        0.002 (−0.0001 to 0.004)    0.07
  Base model+NT‐proBNP+cTnI+hs‐CRP+VEGF‐D[c](#jah35013-note-0014){ref-type="fn"}          0.826          0.003           0.194 (−0.018 to 0.407)   0.07        0.007 (−0.004 to 0.019)     0.21
  Base model+NT‐proBNP+cTnI+hs‐CRP+VEGF‐C+VEGF‐D[c](#jah35013-note-0014){ref-type="fn"}   0.826          0.002           0.078 (−0.135 to 0.290)   0.47        0.009 (−0.003 to 0.02)      0.13
  Major adverse cardiovascular events                                                                                                                                                      
  Base model[a](#jah35013-note-0012){ref-type="fn"}                                       0.733          ...             ...                                   ...                         
  NT‐proBNP                                                                               0.703          ...             ...                                   ...                         
  cTnI                                                                                    0.648          ...             ...                                   ...                         
  hs‐CRP                                                                                  0.584          ...             ...                                   ...                         
  VEGF‐C                                                                                  0.592          ...             ...                                   ...                         
  VEGF‐D                                                                                  0.607          ...             ...                                   ...                         
  Base model+NT‐proBNP+cTnI+hs‐CRP[b](#jah35013-note-0013){ref-type="fn"}                 0.740          0.007           0.131 (−0.025−0.287)      0.101       0.009 (−0.003−0.020)        0.14
  Base model+NT‐proBNP+cTnI+hs‐CRP+VEGF‐C[c](#jah35013-note-0014){ref-type="fn"}          0.740          0.000           0.041 (−0.117 to 0.199)   0.613       0.000 (−0.0001 to 0.0002)   0.57
  Base model+NT‐proBNP+cTnI+hs‐CRP+VEGF‐D[c](#jah35013-note-0014){ref-type="fn"}          0.741          0.001           0.060 (−0.097 to 0.216)   0.456       0.002 (−0.002 to 0.005)     0.38
  Base model+NT‐proBNP+cTnI+hs‐CRP+VEGF‐C+VEGF‐D[c](#jah35013-note-0014){ref-type="fn"}   0.741          0.001           0.050 (−0.106 to 0.207)   0.530       0.002 (−0.002 to 0.005)     0.38

Follow‐up results are truncated after 3 years. The biomarkers were modeled as continuous variables (for 1‐SD increase). The ∆C statistic, continuous NRI and IDI show the change in model performance from "Base model" or "Base model+NT‐proBNP+cTnI+hs‐CRP." cTnl indicates contemporary sensitive cardiac troponin I; eGFR, estimated glomerular filtration rate; hs‐CRP, high‐sensitivity C‐reactive protein; IDI, integrated discrimination improvement; NRI, net reclassification improvement; NT‐proBNP, N‐terminal pro‐B‐type natriuretic peptide; VEGF‐C, vascular endothelial growth factor C; and VEGF‐D, vascular endothelial growth factor D.

The base model is based on age, sex, body mass index, hypertension, dyslipidemia, diabetes mellitus, current smoking, eGFR, the Gensini score, previous myocardial infarction, previous stroke, previous heart failure hospitalization, atrial fibrillation, malignancies, anemia, antihypertensive drug use, statin use, and aspirin use.

Evaluated the change of model performance from the "Base model."

Evaluated the change of model performance from the "Base model+NT‐proBNP+cTnI+hs‐CRP."
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Multivariate‐Adjusted Stratified Analyses {#jah35013-sec-0020}
-----------------------------------------

In the multivariate‐adjusted stratified analyses, the VEGF‐D level was significantly associated with all‐cause death regardless of sex and the presence/absence of dyslipidemia, obstructive CAD, previous stroke, previous heart failure hospitalization, atrial fibrillation, anemia, statin use, aspirin use, or the lowest VEGF‐C level (≤25th percentile) ([Figure S4](#jah35013-sup-0001){ref-type="supplementary-material"}). The VEGF‐D level was not significantly associated with all‐cause death in the patients under 75 years old, those with obesity (BMI≥25), those without hypertension, those without diabetes mellitus, current smokers, those without CKD, those with previous myocardial infarction, those with malignancies, or those without antihypertensive drug use. Notably, the VEGF‐D level was significantly associated with all‐cause death in the patients over 75 years old.

Discussion {#jah35013-sec-0021}
==========

In this prospective cohort of patients with suspected or known CAD, we identified a significant association between the serum VEGF‐D level and all‐cause mortality, in sharp contrast to the inverse correlation between the serum VEGF‐C level and all‐cause mortality.[32](#jah35013-bib-0032){ref-type="ref"} This association is independent of possible clinical confounders, the cardiovascular biomarkers (NT‐proBNP, cTnI, hs‐CRP), and VEGF‐C. The strengths of our investigation include the use of a well‐established VEGF‐D assay that is already in clinical use for the diagnosis and disease monitoring of lymphangioleiomyomatosis (LAM), the large sample size, the multicenter prospective design, and a high follow‐up rate (99.3%).[8](#jah35013-bib-0008){ref-type="ref"}, [36](#jah35013-bib-0036){ref-type="ref"} The Kaplan‐Meier analysis showed a step‐by‐step increase in the risk of all‐cause mortality according to quartiles of VEGF‐D; it may be advantageous for the staged risk prediction compared with an abrupt change in the risk of all‐cause mortality at around the 25th percentile of VEGF‐C levels.[32](#jah35013-bib-0032){ref-type="ref"} Although it has already been reported that the VEGF‐D level is associated with heart failure, atrial fibrillation, and stroke,[29](#jah35013-bib-0029){ref-type="ref"}, [30](#jah35013-bib-0030){ref-type="ref"} we demonstrated that even in patients without a history of heart failure, those without atrial fibrillation, and those without a history of stroke, the VEGF‐D level was significantly associated with all‐cause death after adjustment for possible clinical confounders ([Figure S4](#jah35013-sup-0001){ref-type="supplementary-material"}). Taken together, the results of our analyses demonstrate that the measurement of the serum VEGF‐D level may provide prognostic information about all‐cause mortality beyond these factors in clinical settings.

Our study subjects included both patients with a history of (ie, known) CAD and those with no history of (ie, suspected) CAD, and the former patients would be at much higher risk of suffering the studied outcomes. Similarly, our study subjects included both patients with and those without obstructive CAD. However, a significant association between the VEGF‐D level and all‐cause death after adjustment for possible clinical confounders did not depend on the presence/absence of a history of CAD or obstructive CAD.

In our stratified analyses, we did not observe significant associations between the VEGF‐D level and all‐cause death in the patients under 75 years old, those with obesity, those without hypertension, those without diabetes mellitus current smokers, those without CKD, those with previous myocardial infarction, those with malignancies, or those without antihypertensive drug use. In addition, the use of the VEGF‐D level did not significantly improve the prediction of cardiovascular death over the model with possible clinical confounders and cardiovascular biomarkers in the entire cohort. However, we had limited statistical power to test these findings. Longer follow‐ups are needed to determine whether or not VEGF‐D represents a distinct cardiovascular risk factor and to establish the relationships between the VEGF‐D level and specific causes of death.

In the ANOX subgroups of patients with a history of heart failure hospitalization, those with atrial fibrillation, and those with a history of stroke, the serum VEGF‐D level was significantly associated with all‐cause death after adjusting for possible clinical confounders ([Figure S4](#jah35013-sup-0001){ref-type="supplementary-material"}). Hence, VEGF‐D may serve not only as a predictor of the incidence of heart failure, atrial fibrillation, and ischemic stroke but also as a prognostic biomarker in patients with chronic heart failure, those with atrial fibrillation, and those with a history of stroke. Larger‐scale cohort studies including ours (the PREHOSP‐CHF \[Development of Novel Biomarkers to Predict Rehospitalization in Chronic Heart Failure\] study, UMIN000021657) are needed to confirm these findings.

Both high VEGF‐D and low VEGF‐C levels (as continuous variables) were independently correlated with eGFR, anemia, NT‐proBNP, and hs‐CRP, indicating that these two factors are involved in renal anemia, heart failure, and inflammation. On the other hand, VEGF‐D, but not VEGF‐C, was independently correlated with dyslipidemia, diabetes mellitus, and current smoking, suggesting that VEGF‐D is more closely associated with lifestyle‐related risk factors than VEGF‐C. In a future study, it would be of interest to examine whether lifestyle modification can decrease circulating levels of VEGF‐D.

VEGF‐D is a validated diagnostic biomarker of LAM, which is a progressive, cystic lung disease in women. LAM is associated with an inappropriate activation of mechanistic/mammalian target of rapamycin (mTOR) signaling, which regulates cellular growth and lymphangiogenesis.[8](#jah35013-bib-0008){ref-type="ref"}, [36](#jah35013-bib-0036){ref-type="ref"}, [37](#jah35013-bib-0037){ref-type="ref"} LAM is caused by inactivating mutations in the tuberous sclerosis complex (TSC) genes, resulting in the expression of VEGF‐D (and VEGF‐C) and extensive pulmonary lymphangiogenesis.[36](#jah35013-bib-0036){ref-type="ref"} Rapamycin (also called sirolimus) inhibited mTOR signaling, stabilized lung function, and reduced the serum VEGF‐D level in patients with LAM.[36](#jah35013-bib-0036){ref-type="ref"}, [37](#jah35013-bib-0037){ref-type="ref"} However, the sources and mechanisms of the serum VEGF‐D upregulation in LAM patients remain elusive.[36](#jah35013-bib-0036){ref-type="ref"}

The gene encoding VEGF‐D is expressed in a range of tissues during development and in adult tissues, with prominent expression in lung and skin.[8](#jah35013-bib-0008){ref-type="ref"} In adult human tissues, VEGF‐D is produced mostly in the heart, lung, skeletal muscle, colon, and small intestine.[2](#jah35013-bib-0002){ref-type="ref"} As described,[29](#jah35013-bib-0029){ref-type="ref"} it is possible that VEGF‐D represents an adaptation to the demands of the lymphatic system to remove excess fluid from the extravascular space of lungs and peripheral tissues. In addition to the role of VEGF‐D in lymphangiogenesis, the circulating VEGF‐D level could be associated with cardiac angiogenesis. A significant upregulation of cardiac VEGF‐D after myocardial infarction has been demonstrated, implicating the involvement of VEGF‐D in cardiac fibrogenesis to promote repair and remodeling.[38](#jah35013-bib-0038){ref-type="ref"}, [39](#jah35013-bib-0039){ref-type="ref"} An elevated VEGF‐D level might therefore --- at least in part --- reflect increased cardiac angiogenesis, fibrogenesis, and remodeling. Given the inverse correlation between VEGF‐C and VEGF‐D, VEGF‐D may be upregulated to compensate for the insufficient production of VEGF‐C in response to the increasing demands of either or both of lymphangiogenesis and angiogenesis.

A recent animal study demonstrated that VEGF‐D, as well as VEGF‐C, is abundantly present in renal tubules under baseline conditions, and that following kidney injury, its expression pattern is significantly altered, and serum and urine levels of VEGF‐D (and VEGF‐C) are increased.[40](#jah35013-bib-0040){ref-type="ref"} However, in the present study, as eGFR declined, the VEGF‐C level decreased and the VEGF‐D level increased. The morphological hallmarks of CKD are tubular atrophy and interstitial fibrosis,[41](#jah35013-bib-0041){ref-type="ref"} in which transdifferentiation of fibroblasts to myofibroblasts is involved.[42](#jah35013-bib-0042){ref-type="ref"} Since VEGF‐D serves as a profibrogenic mediator by stimulating myofibroblast growth, migration, and collagen synthesis,[39](#jah35013-bib-0039){ref-type="ref"} VEGF‐D may play a role in the development of interstitial fibrosis during CKD progression, just as in cardiac remodeling after myocardial infarction. Given the inverse correlation of VEGF‐C and VEGF‐D levels with renal function, it would be interesting for future studies to examine whether VEGF‐C and VEGF‐D levels are associated with proximal tubular mass and interstitial fibrosis, respectively. Further investigation is necessary to elucidate the sources of VEGF‐D and the molecular mechanisms that regulate the circulating levels of VEGF‐D.

Limitations {#jah35013-sec-0022}
-----------

First, the patients' blood samples were drawn from the arterial sheath. Because VEGF‐D is one of the vascular and lymphatic endothelial cell‐specific ligands, it is possible that its concentrations in the arterial and venous circulation differ. In our preliminary data (n=40), the VEGF‐D levels in sera from the arterial sheath were closely correlated with those from the peripheral vein before cardiac catheterization (β, 0.863; standard error of the mean, 0.034; *P*\<0.001). However, to validate VEGF‐D\'s potential to be used more widely in risk prediction, other cohort studies using peripheral venous blood samples are necessary, such as our EXCEED‐J (Establishment of the Method to Extract a High Risk Population Employing Novel Biomarkers to Predict Cardiovascular Events in Japan) study (UMIN000018807). Second, the serum samples had been frozen for a mean of 4 years. Thus, there is a risk that the absolute VEGF‐D level was affected by being derived from frozen, rather than fresh, samples. Future studies are necessary to determine the optimal cutoff point for the VEGF‐D level in fresh samples. Third, we did not measure VEGF‐D levels repeatedly during the follow‐up. It would be interesting for future studies that use repeated measurements of VEGF‐D levels, including our own PREHOSP‐CHF study, to investigate the relationship between the change in VEGF‐D levels and the risk of mortality. Fourth, we used a contemporary sensitive troponin‐I assay but not a high‐sensitivity troponin I or T assay. Fifth, we had no collected data of cardiovascular imaging such as echocardiography, cardiovascular magnetic resonance, computed tomography, intravascular ultrasound/optical coherence tomography, and nuclear imaging. The elucidation of the relationship between the VEGF‐D level and these cardiac imaging data will provide valuable insights into the mechanistic role of VEGF‐D. Sixth, we had no collected data of a history of chronic obstructive pulmonary disease, which is also one of the possible clinical confounders. Seventh, this was an observational study, and other unmeasured confounding factors may have existed. Finally, because the ANOX study cohort is exclusively Asian individuals with suspected or known CAD, our results may not be generalizable to general Asian populations, or to other ethnic groups.

Conclusions {#jah35013-sec-0023}
===========

Nevertheless, our results clearly demonstrate that an elevated serum VEGF‐D value was independently associated with all‐cause mortality beyond the possible clinical confounders, cardiovascular biomarkers (NT‐proBNP, cTnI, and hs‐CRP), and VEGF‐C in patients with suspected or known CAD undergoing elective coronary angiography. This association was especially pronounced in patients over 75 years old.
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